Abstract The purpose of this study was to investigate the catalytic role of granular activated carbon (GAC), and metal (Mn or Fe) doped-GAC, on the transformation of ozone into more reactive secondary radicals, such as hydroxyl radicals ( • OH), for the treatment of wastewater. The GAC doped with Mn showed the highest catalytic performance in terms of ozone decomposition into OH radicals. Likewise, activated carbon alone accelerated the ozone decomposition, resulting in the formation of • OH radicals. In the presence of promoters, the ozone depletion rate was enhanced further by the Mn-GAC catalyst system, even under aqueous acidic pH conditions.
Introduction
Catalyzed ozonation is an innovative advanced oxidation process (AOP) (Glaze et al., 1987) for the degradation of the hazardous pollutants present in water and wastewater. Several studies on metal-catalyzed ozonation have received considerable attention with respect to the enhanced removal of refractory pollutants (Ma and Sui, 2002) . It has also been reported that activated carbon might catalyze the transformation of ozone into hydroxyl radical ( • OH) (Jans and Hoigné, 1998) . The decomposition of ozone in water generally depends on radical-type chain reactions of several radicals, such as superoxide radical ( • O 2 -), ozonide radical ( • O 3 -) and • OH. These experiments were performed to determine the catalytic role, if any, of activated carbon (AC), and metal (Mn or Fe) dopedgranular activated carbon (GAC), in the decomposition of ozone and its conversion to • OH, in aqueous solution. The catalytic property of the novel heterogeneous catalyst was tested under various matrix conditions, by variation of the pH and the concentration ratios of the promoter and initiator. To calculate the stoichiometric yield of • OH production per decomposed ozone, p-chlorobenzoic acid (pCBA) was used as a probe.
Methods
Coal-based cylindrical pellet AC (SAC Co., Korea), rinsed several times with pure water and baked at 100 ± 5°C for an hour before use, was used as the catalyst in this study. The physical characteristics of the AC were bulk density = 0.43-0.48 g/cm 3 , mesh = 8 × 30, specific surface area = 950 m 2 /g, total pore volume = 0.5 cm 3 /g and average pore diameter = 18 Å. Experiments were carried out in three types of reactors. Firstly, a semi-batch reactor (1 L) with a diffuser, able to sparge the gaseous ozone, was used to measure the ozone buildup trends both in the presence and absence of catalysts. The removal efficiency of sewage effluent by several processes, such as GAC alone, ozone alone and ozone/GAC combined processes, was also evaluated. The sewage effluent was collected from a sewage treatment plant in Won-ju city. Secondly, experiments were conducted in a 250 mL batch reactor to assess the ozone decay trends in pure and pCBA spiking waters. In this set-up, ozone was injected until the desired target dissolved ozone concentration was reached, and the catalysts and pCBA were then added into the reactor. Finally, a 250 mL cylindrical column semi-batch reactor was used to test the application of the ozone/catalyst processes for the treatment of wastewater. A live-stock wastewater, collected from the effluent water of a pigpen wastewater treatment plant, was used as the test water. In this set-up, the ozone was diffused through a glass filter, for the production of fine bubbles. In all experiments, samples were collected at appropriate time intervals, using a syringe dispenser, for analysis of the water quality, which was based on parameters, such as the TOC, COD Cr , UV absorbance at 254 nm (UV 254 ), pCBA and residual ozone. The pCBA was measured by reverse-phase HPLC (Gilson, France), using 60:40 methanol: 5 mM H 3 PO 4 buffer solution as eluent, at a flow rate of 1 mL/min, with UV detection at 234 nm. Samples from the ozone analysis were directly dispensed into vessels containing indigo solution, with a UV absorbance at 600 nm, for de-colorization (Hoigné and Bader, 1981) .
Results and discussion
Ozone decomposition and catalytic effect of activated carbon Figure 1 (a) illustrates several ozone accumulation patterns obtained in the presence, and absence, of GAC, performed under three aqueous pH conditions (3.4, 4.3 and 7). For the three different pH conditions, the ozone build-up rate in the presence of GAC pellets was found to be slower than that in the GAC-free water; thus proving the AC decomposition of ozone. The net difference in the saturated residual ozone concentration, for a fixed ozone dose of 12 mg/L-min, between the two cases ([O 3 ]* GAC free -[O 3 ]* GAC ) obtained at the tested pH range (pH = 2.5 ~ 9.5) are plotted in Figure 1 (b). For the case at pH > 4.3, less ozone was decomposed by the AC. This was understandable, as the bulk phase, base-catalyzed, ozone decomposition route would be dominant over the heterogeneous AC surface decomposition under higher pH conditions. Curiously, however, the maximum ozone decomposition was achieved at pH 4.3. A much smaller amount of ozone decomposition occurred at pH < 4.3, even though the ozone saturation level at these low pHs was almost the same as that at pH 4.3.
To determine any change in the oxidative conditions on the addition of the catalysts, the COD Cr , TOC and UV 254 removal efficiencies from sewage effluent water were compared for the three processes: ozone alone, GAC alone and ozone/GAC. The sewage effluent formation of oxidative radicals with the ozone/GAC system, as the portions of the COD and TOC removed through the ozone/GAC system were slightly and significantly greater, respectively, than the sum of the portions removed by the ozone or GAC when used alone.
The enhancement of • OH formation by metal doped-GAC Ferrous and manganous ions can be rapidly oxidized by ozone in the aqueous phase (Rice et al., 1980) . This study aimed to investigate any further enhancement with the use of metal doped-GAC compared to untreated GAC. Figure 3 (a) compares the ozone decomposition rates for the ozone alone, GAC, Fe-doped GAC (Fe-GAC) and Mn-doped GAC (Mn-GAC) systems. The Mn-GAC gave the highest reactivity in terms of ozone destruction. Assuming some portion of the decreased ozone was transformed to • OH radicals, the R ct values (the • OH to ozone concentration ratio) for comparing the OH • production yields of the catalysts tested at a given ozone dose (Elovitz and von Gunten, 1999) can be calculated. For this calculation, pCBA was used as the • OH-probe; it has a very low reactivity with O 3 (k O3,pCBA ≤ 0.15 M -1 s -1 ), but reacts readily with • OH (k OH•,pCBA = 5 × 10 9 M -1 s -1 ). As shown in Figure  3 (a), the Mn-GAC catalyst gave the highest • OH production yield, followed by those of the GAC alone and Fe-GAC. The order of the R ct value was consistent with the order of the ozone decomposition rates shown in Figure 3 (b). There were also several other interesting findings, as follows: 1) this pCBA study has shown that the activated carbon alone can accelerate the rate of ozone transformation into • OH; and 2) the Mn-GAC surface had a tremendous impact on the • OH production. However, the radical formation mechanisms associated with the doped metal species, or the GAC media itself, remain to be clearly investigated. These should be further explored through a systematic set-up employing several technologies for radical monitoring. 
Effect of promoter on the ozone decomposition rate for various catalyst systems
The presence of a promoter in the aqueous phase might have a significant impact on the ozone decomposition and radical production rates (Staehelin and Hoigne, 1985) . Figure  4 (a) compares the ozone decomposition rates for the selected catalysts, by varying the concentration ratio of methanol and acetate, which act as the promoter and inhibitor, respectively, under neutral pH conditions. The ozone decay rate increased in the presence of the catalysts, and even further by increasing the P/I (methanol/acetate) ratio. Figure 4 (b) compares the catalytic effects of the GAC and metal doped-GAC under acidic conditions (pH = 2), where the route for the ozone decomposition that was initiated by OH -could be excluded. With the catalyst-free cases, both the ozone decomposition rates, with and without methanol, were negligibly low due to the acidic pH conditions. Furthermore, the addition of the promoter did not affect the ozone decomposition rate due to the lower • OH concentration. With the metal-doped catalytic systems, the presence of the promoter was found to accelerate the ozone decomposition rate, which is indirect evidence of • OH production in those systems. However, no enhanced ozone decomposition rate was observed with the GAC system under an acidic pH compared to a neutral pH. At this point, it may be inferred that the radical-type chain mechanism may be different for the metal doped-GAC and GAC alone cases, which should be the subject of further studies.
The application of ozone/catalyst process for wastewater treatment mg/L. The results show that the O 3 /Mn-GAC system performed best for COD and TOC reduction, followed by the O 3 /GAC, O 3 /Fe-GAC, O 3 and adsorption systems. This trend was consistent with previous observations on the enhanced catalytic effect of GAC and metal-doped GAC systems.
Conclusions
It was found that the GAC alone could initiate radical-type chain reactions that enhance the rate of ozone decomposition to produce more OH radicals in the presence of promoters. The Mn doped-GAC catalyst showed the highest catalytic performance for ozone decomposition and OH radical production. The doped Mn was found to act as an efficient initiator for ozone decomposition and OH radical formation.
The ozone/catalyst process can be reasonably applied to the treatment of wastewater and sewage water, and is anticipated to be a promising advanced oxidation process.
Studies to elucidate the mechanisms of the enhanced metal-doped GAC and GAC catalyses should be undertaken in the future.
